Introduction
Copper, in certain concentrations, is highly toxic metal for freshwater fish, causing pathological changes in their body [1, 2] . Only mercury is more toxic to fish than copper is. The values of LC 50 for 96 hours depend on medium conditions (рН, temperature, hardness) and fluctuate within 0.017-1.0 mg L -1 . The chronic effect of sublethal copper concentrations decreases the survival, growth and reproduction rate of the fish. Copper ions induce secretion of gill epithelium, resulting in death for the fish of asphyxiation [3] . In fish farms, copper sulphate is used to control pathogenic organisms and algae, and thus it can cause harm to fish themselves [4] . Copper accumulation in fish tissues and organs increases with higher metal concentrations and longer periods of exposure [5, 6] .
Crucian carp is a widespread species in the Bulgarian and European waters. It is also resistant to changes in environment factors, as well as to different types of pollution [7] . According to De Boeck et al. [8] and Schjolden et al. [9] , the crucian carp is resistant to copper. This species is less sensitive in environmental conditions than the trout and common carp [10] .
Gills of freshwater fish are the main receptor for toxic metals, through which the substances incoming with water are transported to the bloodstream [11] . Playle et al. [12, 13] , Mac Rae et al. [14] , and Santore et al. [15] present the gills as competitive ligands for binding copper and other metals, and their study and 0.1 mg L -1 to track the histopathological changes in gills of Carassius gibelio, and to find at what extent they will recover after the effect of the copper concentrations stops. Treatment with copper lasted 21 days and the recovery time was of the same duration. The results of histological examination showed degenerative changes (resulting in thinner secondary lamellae and filamentary epithelium), and hyperplastic and hypertrophic changes (proliferation, vasodilatation, aneurysms, epithelial interstitial edema, and fusion) in gills under the influence of two concentrations. The degenerative changes have higher prevalence at low concentrations, while hyperplastic and hypertrophic ones -at high concentrations. After the period of recovery they remained the same, but the extent of expression on the surface of gill filaments changed. The long-time copper intoxication in low concentrations of copper affects gill structure, causing severe changes whose recovery is a slow process that requires a longer period of time.
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indicates that there is a strong connection between the degree of gills' copper saturation and fish mortality-rate.
Various alterations in gills because of copper action are described in the work of Hinton et al. [16] , Karan et al. [17] , Chen and Lin [18] , De Boeck et al. [19] , Mazon et al. [20] , Figueiredo-Fernandes [21] , Georgieva et al. [22] . However, relatively little research has been done on the possibility of gill recovery after the end of copper intoxication [5, [23] [24] [25] . Carassius gibelio is the focus of the present study because it is widely spread in Bulgaria and Europe. The economic importance of crucian carp increased in recent years and it is grown in a number of farms and widely available at the fish market in Bulgaria. This raises the question of controlling the water quality and the impact of various pollutants on the species as well.
Proceeding from the above mentioned, in the present study we aim to determine what alterations occur in gills of crucian carp under the influence of long-term intoxication with sublethal concentrations of copper. It is also important to investigate whether any recovery of gill structure occurs and what its extent is after termination of metal toxicity for a given period of time.
The purpose of this study is to find the histopathological changes in gills of crucian carp Carassius gibelio (Bloch, 1782) under the influence of sublethal copper concentrations (0.05 mg L -1 and 0.1 mg L -1 ) in a long-time exposure, as well as to find the extent of their recovery after termination of the metal influence.
Experimental Procedures

Fish
The experimental fish (32.3±4.1 g; 10±1.1 cm) were received from the fish farm "Eco Fish", located in the village of Trivodici, near the city of Plovdiv (Bulgaria). The fish were delivered in plastic containers at constant aeration. They were kept for seven days in aquariums with dechlorinated tap water (pH 7-7.5, conductivity 97.7 μS), at constant aeration for acclimatization. Fish had no external changes.
Test for copper toxicity
The experiment was conducted with copper concentrations 0.05 and 0.1 mg L -1 in the form of sulphate (CuSO 4 ·5H 2 O, MERC). In previous experimental tests which we carried out under laboratory conditions we found that LС 50 (96 hours) for the species is 0.505 mg L -1 (E. Georgieva and I. Velcheva, unpublished data). We selected for our experiments, 10 times and 5 times lower concentrations, namely 0.05 and 0.1 mg L -1 . After the acclimatization in dechlorinated stagnant tap water, 10 individuals were put in each of the three aquariums with 100 litres of water; one of the aquariums was a control one, without the presence of copper. In the course of the experiment we were keeping the following water parameters -temperature -22±2°C, pH 7 to 7.5, water hardness -9 dH (deutsche Härte), conductivity -230 µS, controlled photoperiod (12D : 12L), and permanent aeration with air pumps. The test continued for 21 days. During the test, every five days the water in the experimental tanks was refreshed to support the metal concentrations tested. Before the histology sampling the fish had not been fed for 24 hours. After 21 days for each concentration, 50% of the fish were processed histologically. The rest of individuals from the experimental concentrations were put in two aquariums with dechlorinated stagnant water for 21 days in order to monitor the degree of gills recovery. After recovery the material for histological examination was taken from the gills of each fish (5 individuals from each aquarium). For the duration of the experiment there was not recorded any mortality of the experimental fish.
All experiments were conducted in accordance with the national and international guidelines of the European Parliament and the Council on the protection of animals used for scientific purpose (DIRECTIVE 2010/63/EU).
Histological analysis
The biopsied material from gills was processed histologically by the method described by Romeis [26] as the fixation was in 10% neutral formalin for 24 hours. The individual samples were washed for 24 hours with running water, dehydrated in descending ethanol lines (70%, 80%, 86%, 96%, and 100%), cleared in xylene and included in paraffin with a melting point of 54-56°C. Sectioned to a thickness of 6 µm using a rotary microtome model 840 (American Optical Corp.) and mounted on sterilized glass slides. The sections were deparaffinised in xylene, hydrated in ethanol and stained with hematoxylin-eosin (H&E). Thirty histological cuts from the gills of each fish were examined for finding any histopathological changes and their evaluation. The morphologic variations were examined with a light microscope (Nikon SE, Japan) and photographed, using a digital camera (DCE-2).
Semiquantitative scoring
The histological alterations in gill epithelium were appraised semi-quantitatively by using the grading system of Peebua et al. [27] which we slightly modified. The system enables an objective assessment of the histological integrity of fish gill in histopathological analyses and clearly distinguishes between normal gill epithelium and gill epithelium pathology. The evaluation of the histopathological changes was carried out and presented as an average value in percentages. Each grade represents specific histological characteristics and it is categorized as follows: no histological alterations -(-); mild histopathological alterations -10-20% -(+/-); moderate histopathological alterations -30-50% -(+); severe histopathological alterations -60-80% from gills surface -(++); very severe histopathological alterations -above 80% -(+++) in the architecture of the gill surface.
Results
Histological changes in gills under the influence of long-time exposure to copper
The gills of most teleosts are typically composed of four pairs of gill arches, which are supported by a bone skeleton. Filaments come from the gills arches, supported by cartilage (primary lamellae), from which the secondary lamellae come out [28] . The histological analysis of fish from the control group showed normal structural organization of the gills (Figure 1a ).
Copper concentration of 0.05 mg L -1
In all treated fish we found degenerative thinning of the secondary lamellae and filamentary epithelium compared to those in the control group (Figure 1 b,c) . In 60% of individuals that alteration was of severe rate of spread. In the remaining subjects (40%) the alteration was found in the moderate rate of spread on gill surface ( Table 1) . In all experimental animals a hyperplastic growth (proliferation) of the filamentary epithelium was found, but of moderate rate of spread ( Table 1) . As a result, the height of filamentary epithelium increases, and fusion between neighboring secondary lamellae was not found.
Vasodilation and edema of gill epithelium of mild expression were found in all individuals tested. Vasodilation was found in some areas of the blood sinuses in the secondary lamellae. There were also aneurysms (apical dilation of blood vessels of the primary lamellae), and they also were of slight rate of spread. Only in 20% of individuals, aneurysms were with higher rate and affected the secondary lamellae of more filaments (Figure 1c, Table 1 ).
Copper Concentration 0.1mg L -1
We also found degenerative thinning of the gill epithelium in the area of primary and secondary lamellae in the studied paraffin cuts of all individuals. However, unlike the lower concentration, this thinning covered only single sections of gill surface (10-20%) ( Table 1) .
In all individuals, vasodilation and edema of gill epithelium were moderate. It was found that vasodilation affected the main venous sinus of the filaments, as well as the blood sinuses along the secondary lamellae or only in their basal part near the axis of a filament (Figure 1d ). Aneurysms were also detected (Figure 1e,f) . In 60% of individuals the aneurysms were of severe spreading, while in the rest -of moderate spreading ( Table 1) . It was found a hyperplastic proliferation of the filamentary epithelium (Figure 1g) . In all individuals, proliferation of moderate rate of spread was found. There was also fusion between adjacent primary lamellae in 60% of individuals ( Table 1) .
Histological changes after the recovery period, without copper treatment
After the recovery period, in the gills of the experimental fishes we found changes that were similar to those described for the long-time exposure (Table 2 , Figure 1h ,i). In the individuals that stayed in copper 0.05 mg L -1 , after the recovery period, thinning of gill epithelium was found again, but it covered the gill surface in a smaller range, in comparison with the period when treated with copper ( Table 2 ). The other histopathological changes, such as swelling in the gill epithelium, vasodilatation, aneurysms and filamentary proliferation, were of lower rate of spread or they retained the rate of spread.
In the gills of individuals that stayed in 0.1 mg L -1
Cu, after the recovery period, we also found thinner gill epithelium in the gill filaments, but with a higher rate of spread than the treatment period. Histopathological changes, such as swelling of the filament epithelium, vasodilation, proliferation of the filament epithelium and lamellar fusion were observed after the recovery period as well, but with a lower rate of spread on gill surface in comparison with the changes in the treated individuals ( Table 2 ).
Discussion
In long-time treatment with sublethal concentrations of copper for 21 days in the gills of crucian carp, we found histopathological changes in the gill epithelium. Such changes were also found by Cerqueira and Fernandes Table 1 . Histopathological changes in the gills of Carassius gibelio under the influence of copper for 21 days in the subjects studied. Table 2 . Histopathological changes in the gills of Carassius gibelio without copper influence for 21 days in the subjects studied.
(-) -no histological alteration; (+/-) -mild histopathological alteration, (10-20% of the gill surface); (+) -moderate histopathological alteration, (30-50% of the gill surface); (++) -severe histopathological alteration, (60-80% of the gill surface); (+++) -very severe histopathological alteration, (above 80% of the gill surface).
(-) -no histological alteration; (+/-) -mild histopathological alteration, (10-20% of the gill surface); (+) -moderate histopathological alteration, (30-50% of the gill surface); (++) -severe histopathological alteration, (60-80% of the gill surface); (+++) -very severe histopathological alteration, (above 80% of the gill surface).
Histopathological changes [31] , but for other parameters of the toxicity test and different species. In our study we notice histopathological changes in two ways: degenerative changes expressed in thinner gill epithelium in the filaments, as well as hypertrophic and hyperplastic changes resulting in proliferation of filamentary epithelium, fusion, vasodilation, edema and aneurysms. It is a special feature that at low concentrations the degenerative changes are well represented, while at higher concentrations of toxicants the hyperplastic and hypertrophic ones are prevalent. The high level of degeneration found by us in thinner gill epithelium at the low concentration of copper sulphate involves violation in cellular metabolism, leading to lysis of epithelial cells. Along with this, although only in single sections, processes of pathological regeneration are also activated. It speeds up the division of undifferentiated cells in the filamentary epithelium. As a result, we find hyperplastic growth in it.
At the higher concentration of copper sulphate, the process of dividing undifferentiated epithelial cells is rapidly activated, which compensates cell lysis. Therefore, the degenerative changes found in this concentration are of lower rate of spread, compared with the hyperplastic ones.
Figueiredo-Fernandes et al. [21] , after 21-day exposure to copper in gills of Oreochromis niloticus, found mainly hyperplastic and hypertrophic changes similar to those found by us in both concentrations (vasodilation, edema, filament proliferation, fusion, aneurysm), but at higher concentrations of copper (1.0 mg L -1 and 2.5 mg L -1 ). Similar histopathological changes in gills, but after 60 days of exposure to copper sulphate, are mentioned by Wani et al. [32] . Unlike the results of these authors, we found not only hyperplastic changes but also degenerative ones in much lower concentrations of copper (0.05 mg L -1 and 0.1 mg L -1 ). This suggests that copper ions are highly toxic and even in much lower concentrations they cause destruction of the gill structure of crucian carp. This confirms the opinion of other authors for the high toxicity of this metal on the fish body, too [1, 2] .
We, as well as De Boeck et al. [33] , believe that it is because of the respiratory stress caused by copper, which is associated with breaking the structure of gills. We assume that copper ions, which penetrate with water, influence the metabolism of cells in the gill epithelium, which determines the combination of various changes in the whole gill structure.
Furthermore, in this study we also investigated the possibilities of carp gills to recover, as we put the fish in clean water, without toxicant, again for 21 days. The results show similar histopathological changes in gill structure. However, we observed that the spread rate tends to be smaller. Only in the individuals that received treatment with 0.1 mg L -1 Cu we found a slight increase in the degree of thinning in gill epithelium. It is difficult to comment on this result. The lack of toxicant for 21 days suggests reducing its concentration in a fish organism. This slows the rate of cell division in the gill epithelium, and it can be seen in reducing the rate of filamentar proliferation. Cell lysis continues together with this.
Therefore the thinning of gill filaments and the rates of spread increase. The results obtained in pure water without copper sulphate, suggest to us that there is an initial recovery process, which is better expressed in the lower concentration. Our study, similar to Gaber [34] , shows that this process is slow and long-lasting.
The mechanisms for recovering the gills of an intoxicated organism of crucian carp, under the influence of copper, have not yet been elucidated in detail . Taking into account that gills perform functions of respiration, osmoregulation and excretion, and they remain in constant contact with the external environment, each histopathological change in their structure would lead to negative consequences for the entire fish body as well. Therefore, the studies on the recovery mechanism of gill structure would be useful from a practical standpoint, too.
Our study found that the response of sublethal concentrations of copper for 21 days on the gills of crucian carp is negative, causing severe disruption of gill structure. In toxicant-free environment, the discovery of similar histopathological changes of a low rate of spread suggests that there is a beginning of recovery, but it is a slow and difficult process that requires a long period of time and it is more than 21 days.
